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Executive Summary
Building high performance homes (HPHs) that are energy efficient, durable, comfortable, and safe requires more than knowledge of building science principles. It also requires the ability to properly design, specify, install, and startup/commission new technologies and systems. Quality management systems (QMSs) provide the infrastructure necessary to ensure repeatability and to manage continual improvement to increase first time quality, reduce warranty, and increase customer satisfaction. QMSs are therefore needed as the industry shifts from conventional homes to HPHs, and ultimately to state-of-the-art homes such those meeting the U.S. Department of Energy's Challenge Home criteria.
As builders and remodelers strive to build HPHs, QMS is emerging as a critical need for implementing complex, whole-house changes to the conventional design and construction processes. However, residential QMSs have most often been designed for new home construction. To address quality in existing homes in the form of scopes of work (SOWs), the NAHB Research Center began with a new construction SOW and applied it to an existing home project.
This report outlines the steps of translating a new home construction SOW to SOW for retrofit. • Section 3: Crawlspace Foundations in a Mixed-Humid Climate. This section outlines the details needed to address the crawlspace and aligns with other recommended BA best practices (Dickson 2010 ).
• Section 4: Quality Assurance Strategy for Implementation. This section details the recommended QA measures based on the new home construction SOW applied to the existing home project. This includes construction documentation for existing homes as detailed in this report and new construction documentation recommended by BA best practices (Lukachko et al. 2011) , as applicable.
• Section 5: Next Steps. This section details the next steps for existing home quality strategies.
This methodology and detail can be used as guidance by architects, remodeling firms, trade contractors, and homeowners.
Background
The U.S. Department of Energy's Building America Program (BA) research teams work with industry partners to produce new and existing high performance homes (HPHs) that enhance energy efficiency. As BA expands its support of housing research to encompass the high performance retrofit of existing homes, the quality management of details that are unique to remodeling becomes significant to each project's efficiency, as well as programmatic proliferation, and ultimately, energy consumption reduction by the largest factor of the housing sector-existing homes.
Recognizing that quality management systems (QMSs) are key to implementing change in any industry, BA established a quality assurance (QA) research and outreach program to support the home building and remodeling industry's transition to HPH. The residential construction and retrofit industries need systematic quality management systems to adopt HPH methods on a larger scale to ensure repeatability. In addition, as houses are higher performing it is also important to address system interactions to ensure energy performance, durability, health, safety, comfort, and affordability.
Quality activities under BA began with the development of high performance scopes of work (SOWs) for HPH components. This seminal work weaves HPH building specifications and procedures into the active management and implementation strategies of a comprehensive QMS. It also addresses trade partnering and continual monitoring, feedback, and control. Some of these resources are listed and described in Appendix A.
Introduction
Quality has been an industry buzzword for decades. Yet, quality management is not a fuzzy concept. Instead, it is a tried-and-true framework for delivering high-quality products, on time and within budget. Builders and remodelers stand to benefit greatly from implementing QMSin large part because of the disproportional cost of correcting defects in a finished product. Residential QMSs address the assurance of a high-quality finished product that is constructed per the designedand the ability to consistently repeat the same house or retrofit.
As builders and remodelers strive to build HPHs, QMS is emerging as a critical need for implementing complex, whole-house changes to the conventional design and construction processes. However, residential QMSs have been primarily designed for new home construction. As a result, the NAHB Research Center began with a new construction SOW and applied it to an existing home project. The goal is to address quality in existing homes using these same techniques from new construction to increase first time quality, reduce warranty, and increase customer satisfaction.
This document is intended to outline the steps of translating a new home construction SOW to SOW for retrofit. As such, the NAHB Research Center began with the new home construction SOW developed under BA for HPHs that addressed crawlspace foundations (NAHB 2010 • Section 3: Crawlspace Foundations in a Mixed-Humid Climate. This section outlines the details needed to address the crawlspace and aligns with other recommended BA best practices (Dickson 2010 ).
The templates that were developed to support this QA strategy for crawlspace retrofits are organized in the expected order of work performance for an existing crawlspace and use a system that includes a list of sources for details to the crawlspace conditions and remedies specific to a project.
Crawlspace Foundations in a Mixed Humid Climate
The American Housing Survey for the United States: 2007 (AHS 2008) 1 indicates that one sixth of U.S. houses are built on crawlspace foundations that are often difficult to access, hard to maneuver in, unlit, and seemingly beyond a building's envelope. For these reasons, inspection and maintenance are often deferred. Typically, when crawlspace foundations are accessed, mechanical issues are addressed or wiring is installed; additional upgrades for durability and energy efficiency are not considered. Because they are typically poorly maintained, and often poorly constructed, many crawlspace foundations are sources for heat loss, poor indoor air quality, and excessive moisture production.
Insulation and air sealing are as fundamental to the energy efficiency of existing homes as to newly constructed buildings for example, in crawlspaces (SEI 2000) . Yet a package of details, specifications, checklists, and trade contractor scopes needed for this work as it relates to crawlspace foundation inspection and quality retrofit were not found in a recent literature search performed on behalf of a BA partner who is planning an energy efficiency upgrade to two 70-year-old buildings. Even architectural plans recently developed for a crawlspace retrofit were too vague for accurate bid submission and lacked performance expectations for the installers and the finished product. The experience brought to light the need for high performance SOWs in remodeling that provide sufficient description to result in an improved crawlspace foundation and allow for more accurate bids and, thus, affordable jobs.
This experience reinforced the integral role that QMS can play in high performance remodeling projects and motivated the development of this report to provide strategies for assessment, retrofit specification and detail (design), implementation with a comprehensive SOW, and inspection of the finished project to affirm completion to contract specification and expected performance. The contents follow a format that can guide architects, remodeling firms, trade contractors, and owners. The two predominant crawlspace foundation types-closed and ventilated-are addressed in the checklists. Crawlspace foundations may be described as being constructed with continuous perimeter stem walls, typically of concrete masonry units or poured concrete. The walls are usually of sufficient height to allow access by a person "crawling" (typically 24 in. or more of clear space) and support wood or light gauge steel joists or concrete slab decks. Its floor is often dirt or gravel covered with a polyethylene vapor barrier, although 2-4 in. thick concrete slabs sometimes finish crawlspace floors. Crawlspace foundations are most common in the Marine, Mixed Humid, and Hot-Humid Climates (Figure 1 ) where historic frost depths are less than 30 in. In these climates, a crawlspace foundation design minimizes foundation and footing material on sites where a slabon-grade foundation is not feasible or desirable. A crawlspace is sometimes considered more desirable over a slab-on-grade because of the access to mechanicals (electrical, plumbing, and heating, ventilation, and HVAC services). Sealed (or unvented) crawlspace foundations use the foundation walls as a thermal and air barrier for the crawlspace and can be conditioned or unconditioned actively (see Figure 2) . Often, hot water pipes, water heaters, ductwork, or other mechanical systems provide some tempering of the temperature and humidity in the crawlspace and air exchange consists of building air leakage from the living area above into the crawlspace or vice versa. The air quality and temperature of a closed crawlspace are meant to be similar to those of a basement foundation, or even close to the living area above it. An air seal between the areas is less critical, if the crawlspace air quality and vapor content are maintained similarly to the conditioned space over the crawlspace, typically via mechanical ventilation. Ventilated (or vented) crawlspace foundations, on the other hand, use the floor system above the crawlspace as the thermal and air boundaries between conditioned and unconditioned spaces (see Figure 3 ). During some parts of the year, this design relies on ambient air exchange to dry the crawlspace through above-grade air vents in the foundation wall. Despite the vented crawlspace's location outside the building envelope, many times the floor above the crawlspace is not well insulated or air sealed, the crawlspace is not well vented and/or does not have an adequate vapor barrier covering over the soil floor, or has bulk water intrusion and even standing water, allowing the space to disproportionately degrade an older home's energy efficiency, durability, indoor air quality, and comfort. Some ventilated crawlspaces can be retrofitted to a sealed crawlspace if site conditions warrant. 
Quality Assurance Strategy for Implementation
Implementation tools, including a QA strategy for components and assemblies of existing homes, is undertaken to bring the same performance rigor to remodeling as BA introduced to new home construction. The goal of this work is to incorporate technical specifications into the implementation process to ensure that the remodel is completed per the design. The QA approach to the rework and retrofit of existing homes consists of a four-step, focused approach that is facilitated by a series of checklists and SOWs that will guide the pre-design assessment (PDA), design, retrofit, and post-completion inspection of projects that are likely to encompass a plurality of outcomes that include energy efficiency, obsolete equipment replacement, durability, and occupant comfort.
This QA strategy for existing HPHs targets a building assembly, the crawlspace foundation, and its perimeter and contents, as the subject of a discrete project. This approach allows implementation of a systems methodology to building retrofit and simultaneously restricts work zone locations to minimize inconvenience to the occupants. For example, in the cases documented in Appendix C and Appendix D, the crawlspace retrofit is a small component of a whole-building energy retrofit that was implemented in fall 2011. Future phases will be performed after the winter weather has passed, perhaps by different general contractors.
The four steps to the strategy are:
1. Inspect the building.
2. Plan the design and specifications.
3. Execute the work.
Inspect the completed work.
Heavier emphasis is initially applied to steps 1 and 2, because the work to be performed, which is covered in the description and SOW that is developed in step 2, is less intuitive in remodeling than it would be to the specialized trades employed in new construction. Thus, defining the starting condition and determining required repairs and new installations are emphasized more than standardized methods that can be applied to the work. To facilitate this approach, line items in the PDA Checklist (Appendix B), a template developed for this retrofit strategy and introduced in step 2, include a resource code in the first column that is tied to additional sources for information that are itemized in Appendix A. Reference documents contain material for the "how-to" specific to each possible case, so that the plans and specs can be customized to the climate, architecture, and conditions encountered during the assessment. This QA strategy for existing HPHs gives assessment, design, and planning primary emphasis over implementing the work and the continuous improvement of the installation, as each install may be significantly different than the previous, depending on the age and construction of the building. This initial strategy stresses QA process management of the assessment, plans, and specs as the means of providing specific instructions for the work.
Checklists that support this retrofit strategy are organized in the order that work is expected to follow.
Pre-Design Assessment Defines the Project's Starting Point
The project PDA will include visual inspection of the construction state of components of a given assembly. In this example, the assembly is the crawlspace foundation. Some crawlspace components may be joists, insulation, vapor barrier ground cover, plumbing pipes, HVAC equipment, and ducts. Thus, the PDA examines:
• Structural and mechanical systems o Wood structural members embedded in masonry, air leakage into space conditioning system ducts, etc.
• Thermal and air barrier locations o Evidence of moisture or bulk water intrusion, conditions present within and outside the foundation (e.g., crawlspace windows and window wells, and recommendations about how to best resolve problems related to bulk water and moisture intrusion and air leakage, and whether the retrofit should continue if those items are not fully addressed)
• Minimum prescriptions of the current building code
• BA and other industry best practice details to provide the standards to which the assembly characteristics are compared This assessment will be aided by the PDA checklist (Appendix B) to document the features and conditions as initially encountered.
The PDA of a home's crawlspace foundation may involve one person or a small team with broad-based construction, trade, and building science knowledge to meet practical and budgetary constraints. Within the crawlspace, details such as insulation, plumbing, mechanical, framing, masonry, drainage, and grading must be observed and conditions noted. Similarly, the installation phase may be more efficiently executed with cross-trained workers rather than tradespecific specialists.
The condition of the crawlspace foundation supporting an existing home can be assessed using physical observations made from three sides of the crawlspace: floor over the crawlspace (inside the home), inside the crawlspace (within the walls), and exterior. Table 1 outlines the topics covered and entered on the PDA checklist. The PDA checklist uses the locations in Table 1 to organize the order of the field assessment from interior to exterior and leaves the dirtiest job for last, so dirt is not tracked into a home. The checklist also outlines the sequence for mitigation of moisture problems in a foundation.
Information from the PDA checklist in Appendix B will guide the design plans and SOW, which will be developed to serve as a comprehensive blueprint for the retrofit. A completed checklist also serves as the Job Ready Checklist common to the QA strategy in new construction because the PDA checklist provides information about the condition of the crawlspace. In addition to physical observations, the airtightness of the building may be measured. Physical factors such as air temperature and humidity should also be gauged and recorded. Interviews with the occupants may provide additional data on performance matters and potential synergies with complementary projects in progress or planned.
The SOW was organized in the general order that the work is expected to follow, which is:
A. Correct exterior drainage. I. Correct structural defects (load path tie-down hardware).
J. Repair/replace HVAC, pipes, ducts, and equipment within crawlspace (consider venting options in closed crawlspace).
K. Seal interior thermal boundaries.
L. Insulate overhead floor system and air seal assembly (ventilated crawlspace only).
M. Insulate crawlspace wall (closed crawlspace).
Each of these items must be addressed for the project to proceed.
Project Plan: Define Condition, Standards, and Scope of Work and Responsibility
The PDA Checklist will assist in composing a design with a floor plan, sections, and SOW that incorporates remedies for all noted defects and deficiencies, as well as inclusion of design features to enhance energy efficiency. To be useful, remodeling plans should be highly descriptive, perhaps even more than standard blueprint drawings for new houses. Designs should clearly detail the dimensions and state in section and floor plan views and include directions on components/areas to be removed, repaired, replaced, etc. Sections, floor plans, and detail insets should be rendered in a recognizable scale or format that ensures legibility and, thus, effective implementation. SOWs supplement the information contained on the project's plans and define the breadth of contractor responsibility. Photographs of the structure may serve for elevation details such as those shown in Figure 4 and Figure 5 . A floor plan of a closed foundation, Figure 6 conveys details of both the current and desired end state of the crawlspace. The floor plan was rendered as the design for a closed crawlspace foundation retrofit of the building in Figure 4 and Figure 5 . It includes notes from the PDA and salient features of the upgrade. Showing before and after conditions in both the floor plan and drawing sections, as required, is the most accurate way to describe the project. For bidders (remodelers and contractors pricing the work), this is a blueprint to the state of the crawlspace and the work that is required to upgrade the area to meet project initiatives. It is an indication of the working conditions in which the project will take place. With typical remodeling bid contingencies ranging from 5%-20%, the information contained on the design documents sets the tone for which end of that span is warranted in the bid submittal. Appendix C and Appendix D include all the information that would be provided to bidders. Lack of information in the design package has a variety of drawbacks, including:
• Vague descriptions that inspire questions
• Uncertainty that requires contingency planning
• Higher costs caused by planned contingencies, often a sizable percentage of the bid price.
These drawbacks can result in a nonvalue-added price-inflated project and longer payback periods (because of the higher cost:savings ratio caused by the inflated price). Ultimately, this can limit or cancel the energy retrofit project. Figure 7 is a sectional drawing of the foundation that was completed during the pre-assessment inspection of Building W2. It further defines the current condition of the crawlspace foundation and the rework that is required to upgrade the assembly. 
A High Performance Scope of Work for Energy and Durability Upgrades to an Existing Crawlspace Foundation
An SOW is the written description of the work that is contained on the project drawings. It informs all parties of the work a contractor will perform for a builder, remodeler, prime contractor, or owner. The SOW guides all the component-specific work covered by a contract and, in the case of a remodel, distinctly outlines the before condition 2 of the project, the expected job performance and extent of responsibilities, and the desired post-performance state of the assembly. The retrofit SOW for crawlspace foundations incorporates details specific to the design, as well as applicable and practical aspects of the high performance scopes for new construction, such as moisture mitigation. The SOW may include standards that exceed building code minimums, additional directions covering repair rather than replace directives, and any other details covering contractors' responsibilities or preferred materials. Conditions noted during the crawlspace PDA inspection will generate some of the items on the SOW, as each crawlspace foundation will have unique features. An SOW can serve as the bid submittal sheet, as well as a Job Completion Checklist by customizing the columns for these details.
Because each remodeling job or retrofit project is unique, designers may need to consult a number of sources (BA Best Practice Series, International Energy Conservation Code, etc.) to determine the best practice for the condition they encounter, given a stated budget and geographical location. Features in the PDA checklist are cross referenced to citations in the References section of this report to assist in best practice, method, and material selections for any number of situations that may be encountered. The SOW is organized in the general order that the work is expected to follow; which is: The designer is responsible for the blueprint detailing the extent of the labor effort and requirement for new materials. High performance remodeling plans are rarely generic and do not lend themselves to master specifications. Thus, a heavy focus has been put on the assessment and design stages as the retrofit project's initial QA strategy. 2 The "Job Ready" state.
As a point of reference, Not all the tasks contained on the SOW in Appendix B will pertain to every crawlspace retrofit. The project's designer will delete or add tasks based specifically on the results of a project's assessment and goals. The SOW was constructed to be as comprehensive as possible to encourage (and induce) the project planning team to address the myriad details of high performance crawlspace foundations. The SOWs in Appendix C and Appendix D are examples of the customization of the form to fit a particular project.
Execute the Work
Installers must be trained in the application of the products, use of the tools of the process, and jobsite safety. The plans and SOW should provide significant comprehensive guidance for a worker thus prepared to perform the work with limited or no direct supervision. Expediencies specific to types of activities or the work approach to be taken with given architectural styles will be learned as installers perform more retrofit projects, or mount the learning curves associated with each task in the given environment. Thus, for the near term, constructability is probably the single biggest hurdle the installer faces. A good assessment of the original condition and plans detailing the desired outcome will help an experienced workforce successfully complete a project. The designer's careful consideration of the materials, methods, and sequencing will support the dual goals of constructability and performance.
Installers with experience in successful retrofits should be cross-trained in assessment and encouraged to share their observations with the design team so each project shows improvement and profitability over the last.
Inspect the Finished Product
Some of the tasks contained in the SOW, such as the measures to alleviate moisture, will require inspection and sign off before other steps are completed. The SOW is ordered such that each task (line item) may be signed as complete before beginning the next. The ideal approach involves inspection for completion of the various subcomponents of the SOW while the project is in progress. In fact, no retrofit work involving the addition of new materials should take place until there is assurance that the crawlspace will remain dry. Use the SOW to enumerate the sequence of the order of completion of the tasks (from top of list to bottom) and reorder these as the project requires.
The SOW may function as the Task (line item) and Job Completion Checklist (entire SOW) and permanent record of the work performed.
Cases:
The PDA checklists (Appendix B) and SOW in Appendix C were completed with the data from an actual project to provide more comprehensive detail on using these templates. The cases used in this study consist of crawlspaces in a mixed humid climate-one building's crawlspace foundation is ventilated (Appendix D) and one is a closed (unvented) foundation (Appendix E).
Enhance Project Affordability Through Quality Management
In addition to proper retrofit, crawlspaces require regular inspection and maintenance to ensure conditions have not changed. The PDA checklist will serve as a comprehensive report for these periodic inspections, which should be performed annually.
Next Steps
As more houses are retrofitted with energy efficiency features, standardized methods and materials will emerge and the implementation (QA work execution), feedback, and improvement loop may be more explicitly defined. Ongoing research and development will identify some of the "bests" in products, practice, and performance. As an example, many products have reached the market recently that are more durable and fire resistant than 6 mil polyethylene, which was the traditional material used for crawlspace floor vapor barriers. In addition to their durability, many come in light-colored or reflective finishes that brighten the crawlspace environment, which improves interior visibility with less lighting. Light-emitting diode flashlights offer compact and hands-free options for better lighting over greater distances. These materials and tools make the crawlspace work environment safer and simpler. Materials such as spray foams, which allow application in difficult-to-reach locations, as well as superior air and thermal sealing capability, are also entering the marketplace regularly. These will contribute to the progress of completing the work efficiently.
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